Flavour changing neutral currents are absent at tree level in the Standard Model (SM) and are highly suppressed at higher orders due the Glashow-Iliopoulos-Maiani mechanism. Hence, any evidence of such currents related to the top quark will definitely signal new physics beyond the SM. In this work we will discuss how an electron-positron collider can contribute to the field after the Large Hadron Collider (LHC) has collected at least 100 f b −1 of integrated luminosity operating at √ s = 14 T eV .
Why top FCNC?
The top is the least known of all quarks. In the SM the top decays almost exclusively to a b-quark and a W boson. Furthermore, top decays via flavour changing neutral currents (FCNC) are absent at tree level in the SM and the loop-induced decays are severely constrained due the Glashow-Iliopoulos-Maiani (GIM) mechanism. The largest value for any top FCNC branching ratio in the SM is O(10 −12 ) for the t → cg decay [1, 2] , which is clearly out of reach of present and future colliders. Hence, any hint of FCNC related to the top quark, however small, would definitely signal new physics related to flavour. A number of different models discussed in the literature predict a huge enhancement of the top FCNC branching ratios: from quark-singlet models [2, 3] to two-Higgs doublet models [4] , from Supersymmetry (see [2] for a discussion) to Technicolour [5] , branching ratios of the order of O(10 −4 ) or O(10 −5 ) can be reached in some best-case scenarios. Therefore, some of these theories could actually be probed at the LHC. In this work we will address the following question: will there still be top FCNC physics to explore after the LHC at an electronpositron and/or at a photon collider? Such a study would require a precise knowledge about the total luminosity that will be collected at the LHC. Moreover, it is still not clear when a new electron-positron or photon-photon collider will be built let alone its centre-of-mass energy and luminosity. Hence, we have chosen as the "future" the LHC at 100f b −1 and have relied on the benchmarks available in the literature for proposed electron-positron and γγ colliders. Evidently, the luminosity collected at the LHC could reach 300f b −1 or more (with the Super Large Hadron Collider) before any other collider starts operation. However, it is not clear what the effect on bounds obtained for top FCNC related observables would be and it is reasonable to assume that most of limits will stay within the same order of magnitude due to the difficulties of operating at very high luminosity. We will focus on the scenario where no evidence for new physics is found -otherwise a different approach has to be taken to understand what is the vertex or vertices that give the main contribution to the new physics observed.
In the next section we will first set the framework for our study; we will then proceed to a review of the results on top FCNC physics and the predictions available for the LHC; finally we will discuss top FCNC physics at a linear collider and at a photon collider.
A framework for top FCNC -the effective operator approach
All the calculations presented in this work will be done using the effective operator approach. This formalism [6] is based on the assumption that new physics beyond the SM will reflect itself at low energies as operators of dimension larger than four. The building blocks of this new theory, which has the SM as its low energy limit, are the SM fields (although other fields could be added) and will be assembled in accordance with the SM gauge symmetries
where
and L (6) are the dimension five and six lagrangians and Λ is the energy scale for which one expects physics beyond the SM to become relevant. L (5) is discarded since it breaks baryon and lepton number. The number of dimension six operators that obey the SM symmetries is huge and was presented in [6] where several artifices from Fierz transformations to the equations of motion were used to reduce the number of operators to a minimum of independent operators. However, the operators in [6] were defined up to flavour indices and a further reduction in the number of operators can be achieved depending on the physical process under study. We are considering operators that have at least one top quark and where FCNC occurs. These operators can have their origin in the strong sector or in the electroweak sector or can be written as four-fermion operators. A discussion on the operators we have used for the strong sector can be seen in [7] while for the electroweak sector the operators are defined in [8, 9, 10, 11] . Four-fermion operators of the type e + e −t q (also electroweak operators) were discussed in [12] . Finally, a complete set of relations for the operators involved in top-FCNC physics can be found in [13] . All results discussed in the next sections take into account all the operators described in the above references relevant to top-FCNC physics at an electron-positron or a photon-photon collider.
The story so far and the LHC
The search for new top FCNC physics started with indirect measurements of the branching ratios of top decaying to qZ, qγ and qg at LEP (q stands for the sum of u and c-quarks). Indirect measurement are bounds on the branching ratios that have their origin in bounds on the cross sections of FCNC top production processes, with a subsequent decay t → bW . This translation is correct if only one coupling constant describes the interactiontqV , where q = u, c and V is a gauge boson. As a simple example, the production cross section for e + e − →tq, has contribution from operators of the typetqV but also from four-fermion operators. Therefore, a measurement of this cross section will not allow, in the most general case, to put a bound on any of the branching ratios BR(t → qV ). Moreover, bounds on cross sections that are converted on bounds on the branching ratios rely on the fact that the experimental analysis is not contaminated with other physical processes that would invalidate the conversion. In table 1 (see [11] for a complete list of references) we present LEP HERA Tevatron Table 1 : Current experimental bounds on FCNC branching ratios. The superscript "d" refers to bounds obtained from direct measurements, as explained in the text.
the experimental limits obtained at LEP, HERA and at the Tevatron. The superscript "d" refers to bounds obtained from direct measurements, that is, from tt production with one of the top-quarks decaying to bW and the other to qV , with q = u, c and V = Z, γ. The best bounds are now at the % level, except for the indirect bound on t → qg which is 0.045%, from the measurement of the direct top production cross section at the Tevatron. The gauge structure of the SM implies that a given dimension 6 operator with an impact on top interactions can also have a parallel effect on processes involving only bottom quarks. The most recent analysis for top-FCNC operators using all available B physics data was performed in [14] (see also [15] ). The underlying SM gauge structure gives rise to a hierarchy of constraints: the gauge structure manifests more strongly in the operators denoted by LL in [14] as these operators are built with only SU (2) doublets. Operators RR, built with singlets alone, are obviously the least constrained as no relation exists between a R-top and a R-bottom. In Table 2 we present the set of constraints on the branching ratios obtained Table 2 : Bounds from B-physics obtained in [14] .
in [14] when only one operator is taken at a time. Considering the prediction for the LHC with an integrated luminosity of 100 f b −1 [16, 17, 18] , as shown in Table 3 , it is clear that, in this approximation, operators of the type LL are already constrained beyond the reach of the LHC. This is true for operators of type LL, while limits on LR and RL operators
Br(t → q γ) 3.6 × 10 are close to what is expected to be measured at the LHC. B factories and the Tevatron are still collecting data and therefore these constraints will be even stronger by the time the LHC starts to analyse data. As B physics only constraints operators with origin in the electroweak sector the best bound on Br(t → q g) is still the Tevatron indirect bound. Note that the prediction for the LHC at 14 T eV for Br(t → q g) (and 100 f b −1 ) is similar to the indirect Tevatron bound. Again, this is because the Tevatron's is an indirect bound -a similar analysis for direct top production at the LHC for a 14 T eV center-of-mass energy and 10 f b −1 integrated luminosity (ATLAS only) gives Br(t → q g) < 9 × 10 −5 [19] . So far we have discussed bounds on the branching ratios even if some of them stem from limits on the productions cross sections, where FCNC is present, by taking one operator at the time. However, those bounds can also be used to place restrictions on the operators themselves. This is particularly true when four-fermion operators are present because those operators do not contribute to any of the top FCNC branching ratios discussed so far. In fact, four-fermion operators contribute only to Br(t → q e + e − ), a process that was not studied at the LHC. Both theoretical [12] and experimental (LEP) [20] studies were performed for the four-fermion operators and restriction on the four-fermion coupling constants were set. It was shown in [12] that the direct bounds on the four-fermion coupling constants will improve at a future electron-positron collider which is a consequence of the corresponding production cross sections growth with energy. Therefore, this is clearly a case where bounds on couplings will definitely improve with the next generation of electron-positron colliders.
Is there top FCNC left to explore?
Several studies dedicated to top production and decay involving FCNC couplings were performed for electron-positron colliders. Direct bounds based on the process e + e − → tt → bWqX were calculated in [21] for √ s = 500 GeV and √ s = 800 GeV . In Table 4 we present limits for Br(t → q Z) and Br(t → q γ) taken from [21] for √ s = 500 GeV and 300f b −1 of integrated luminosity. The bounds degrade as the center-of-mass energy rises due to a decreasing tt production cross section and improve as the center-of-mass energy approaches the tt threshold. There are several analysis of single top production where FCNC is present in the production process and not in the decay. Process e + e − → tc + ct, where t → bW , was studied in [8] in an effective Lagrangian approach, using the most general top FCNC three-point interactions. The same process was discussed in the same approach but with the inclusion of the four-fermion operators in [12] . Other top-FCNC production processes like e + e − → tcνν and e + e − → tce + e − were studied in [22, 12] . We will use the results obtained for future electron-positron colliders to understand if these predictions can improve the bounds on all or some of the FCNC branching ratios after the LHC has collected 100 f b −1 per experiment at √ s = 14 T eV . To simplify our study we have considered all coupling constants real. We have made a further simplification by requiring that operators of type O ij cannot be distinguished from operators of type O ji , that is, all operators are independent of where the top quark is placed. We have checked that these approximations do not affect our conclusions. We have randomly generated 400K points for the coupling constants written as "a 10 b ", with −5 < a < 5 and Figure 1 : σ e + e − →tc+ct as a function of the branching ratio BR(t → qγ) (left) and BR(t → qγ) + BR(t → qZ) (right) with q = u, c for √ s = 500 GeV .
In Figure 1 we present the e + e − → tc + ct cross section, for √ s = 500 GeV as a function of the branching ratio BR(t → qγ) (left) and BR(t → qγ) + BR(t → qZ) (right) with q = u, c. First we should note that when all couplings are taken into account, there Figure 2 : σ e + e − →tq+qt as a function of the branching ratio BR(t → qe + e − ) with q = u, c with only four-fermion operators (left) and no four-fermion operators (right).
is no simple proportionality between cross section and branching ratio. However a bound on the cross section can still be translated to a bound on a branching ratio. In the figures we draw a horizontal line that correspond to the upper limit set by the analysis in [8] for √ s = 500 GeV and a luminosity of 500 f b −1 . The vertical line in Figure 1 corresponds to the 14 T eV LHC prediction for 100 f b −1 . We conclude that, because the lines cross inside the painted region, even if close to the border, the bound can only be improved with either an increase in luminosity or in center-of-mass of the electron-positron machine [8] .
In Figure 2 we discuss how the inclusion of just one set of operators can affect the bounds on the branching ratios. There is still no bound or prediction available for BR(t → qe + e − ), but the LHC has the means to do it. It will probably be of the same order of magnitude of the one for BR(t → Zq), that is, O(10 −4 ). In the left panel we present the cross section for e + e − → tq + qt as a function of BR(t → qe + e − ) with only four-fermion operators. The horizontal line is the same as the one in the previous plots while the vertical line points to a rough estimate of the bound that would be set on BR(t → qe + e − ). When only four-fermion operators are taken into account this bound is O(10 −9 ). In the right panel we present the same plot but without the four-fermion operators. In this case the bound is O(10 −5 ). If all operators are taken into account the bound becomes unreliable due to interference terms but if any it will always be worst than O(10 −5 ). The simplest process that could probe the strong FCNC branching ratio is e + e − → tqg. In this case FCNC could come either from the strong, from the electroweak, or from the four-fermion sector. We have checked that the bound is several orders of magnitude worst than what is expected for the equivalent indirect bound at the LHC. Finally we will just briefly comment on the bounds that can be obtained for a γγ collider. This is a particularly interesting case because, in our framework, there is only one coupling constant involved in the process γγ → tq + qt which means that it can be unambiguous translated to a limit on BR(t →qγ).
A detailed study was presented in [23] (see also [24] ) for √ s = 400, 500, and 800 GeV center-of-mass energies. Using their results and the predicted bounds for BR(t → qγ) with q = u, c for the 14 T eV LHC for integrated luminosities of 10 and 100 f b −1 , it is clear that the LHC bound on BR(t → qγ) has a good chance to be improved at a future γγ collider. Figure 3 shows that a total luminosity of 40 f b −1 would be enough to overcame the LHC 100 f b −1 bound almost independently of the γγ collider center-of mass energy.
Conclusions
In this work we have discussed what will be left to study in top FCNC physics after the LHC has reached a stage where no significant change in FCNC bounds will occur. We have concentrated on the scenario where no evidence for new physics is found -otherwise, the role of a linear collider has still to be investigated. Taking into account the predictions done so far for an electron-positron (γγ) collider our conclusions are as follows
• In this scenario, improving the LHC bounds on the BR, depends on the energy and especially on the luminosity of the future collider. Taking as a benchmark the available studies no significant improvement on the bounds of the branching ratios is expected. If new physics is founds, particular operators can be probed with definite observables.
• Regarding the four-fermion operators, the bounds on the coupling constants will certainly improve due to rise of cross section with the collider's energy.
• Improvement on other specific couplings taken one at a time can also be achieved. We did not consider those scenarios in our study.
• A photon-photon collider will most certainly improve the bound on the t → qγ FCNC branching ratio.
• Finally, NLO QCD corrections to top FNCN decays to Z and γ were shown to be negligible for our choice of operators [25] . Correction to t → qg, q = u, c were shown to be of the order of 20 % [25] .
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